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PA28 MODIFIED TRANSGENIC MICE 

FIELD OF THE INVENTION 

The present invention relates to transgenic non-human animals wherein a 
5 PA28p gene is altered, producing an animal lacking functional PA28 protein. 

B ACKOROUNP OF THE INVENTION 

The presentation of antigenic peptides by class I major histocompatibility 
complex (MHC) molecules plays a central role in the cellular immune response, since 

10 immune surveillance for detection of viral infections or malignant transformations is 
achieved by cytotoxic T lymphocytes (CTL), which inspect peptides bound to class I 
molecules on the surface of most cells (Y ang et al., 1996). CTL eliminate infected 
cells by recognizing foreign antigens (Rock and Goldberg, 1999), which are 
processed in a proteasome-dependent manner and are presented by the MHC class I 

1 5 molecules. The multisubunit proteasomes, which degrade cytoplasmic proteins in an 
ATP and ubiquitin-dependent manner, are required for the generation of the antigenic 
peptides. Biochemical studies with proteasome inhibitors (Rock et al., 1994; Vinitsky 
et al., 1997) have provided evidence that the proteasome is responsible for the 
generation of class I-binding peptides. Indeed, in vitro enzymatic studies of isolated 

20 proteasomes have demonstrated that altered molecular organization of the proteasome 
induced by IFN is responsible for functional changes in the catalytic activity. This 
ultimately results in changes to antigen processing (Driscoll et at., 1993; Fruh and 
Yang, 1999; Gaczynska et al., 1996; Gaczynska et al., 1993; Gaczynska et al., 1994). 
Moreover, in vivo evidence obtained from analysis of LMP2 or LMP7 knock-out 

25 mice (Fehling et al., 1994; Van Kaer et al., 1994) indicates that IFN-induced 

proteasome subunits play a major role in proteasome-mediated antigen processing. 
Both LMP2 and LMP7 knock-out mice are deficient in the generation of a subset of 
antigenic peptides. Thus, the proteasome subunit exchange is a fundamental 
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mechanism for modulating proteasome activities by cytokines during immune 
responses (Fruh et al., 1997). 

In eukaryotes, proteasome activities are modulated by specific regulatory 
5 proteins that form complexes with proteasomes (Yang et al., 1996). Two regulatory 
complexes, the ATPase complex and PA28, have been studied to some extent. The 
ATPase complex associates with the 20 S proteasome in an ATP-dependent manner, 
resulting in the 26 S proteasome (Rock and Goldberg, 1999). This 26 S proteasome is 
involved in the degradation of protein substrates in an ubiquitin-dependent manner 

10 (Rock and Goldberg, 1999). The proteasome regulator PA28 has been shown to 
associate with the 20 S proteasome in vitro (Chu-Ping et al., 1992; Chu-Ping et al., 
1993) and in vivo (Yang et al., 1995) in an ATP-independent manner. Association of 
these regulatory complexes appears to be reversible and regulated by phosphorylation 
(Yang et al., 1995). It is conceivable that evolutionary divergence of these regulatory 

1 5 complexes is coupled with their functional specialization and that regulatory 
mechanisms exist that render antigenic peptides more likely to become available to 
class I molecules during immune responses. Antigen degradation could occur in two 
steps, namely, initial degradation of whole antigen into intermediate sized fragments 
by 26 S proteasomal complexes followed by degradation of these fragments by the 

20 PA28/20 S proteasomal complexes to produce peptides of 8-10 residues in length 
(Fourie and Yang, 1998; Fruh and Yang, 1999). Indeed, in vitro kinetic studies on the 
influence of PA28 on peptide cleavage and specificity of the proteasome (Chu-Ping et 
al., 1992) indicate that PA28 changes the cleavage behavior of the proteasome in a 
characteristic qualitative and quantitative manner. In the absence of PA28, the 

25 proteasome digests substrates by consecutive and independent single cleavages. Upon 
association with PA28, products generated by two flanking cleavages appear 
immediately as main products, while the generation of single-cleavage products is 
strongly reduced (Dick et al., 1996). Since this PA28-induced, coordinated double- 
cleavage mechanism appears to optimize the generation of dominant T-cell epitopes 
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(Groettrup et al., 1996), the regulation of PA28 expression by IFN plays an essential 
role in proteasome-mediated antigen processing (Ahn et al., 1996; Fruh and Yang, 
1999). 

5 The peptidase activities of the proteasome can be activated in vitro by the 

proteasome regulator PA28a, p, or both (Realini et al., 1997; Song et al., 1997). In 
mice, there are at least two functional copies for PA28a, while PA28/thas only one 
functional copy (Li et al., 1998). PA28a itself is capable of forming homoheptamers 
in vitro (Johnston et al., 1997; Knowlton et al., 1997). An in vivo role for PA28 

10 remains unknown, although PA28 has been implicated in playing a role in MHC class 
I antigen presentation (Dick et al., 1996; Groettrup et al., 1996). The underlying 
mechanism by which PA28 modulates proteasome function in antigen processing 
remains elusive. More specifically the individual roles for PA28a and PA280 in vivo 
on immuno-proteasomes and their relationship to each other have yet to be 

15 understood. Understanding the roles of these proteins, and specifically PA28£, 

should aid in understanding therapeutically important disease states including auto- 
immunity, transplantation, inflammation, and cancer immunology. Greater 
understanding of the roles that proteasome-dependent antigen presentation for these 
conditions is expected to open new mechanisms of therapeutic intervention or 

20 modulation. 

The present invention provides a means to dissect the functional role of PA28 
in different cell types, such as cytotoxic T cells and antigen presenting cells. The 
PA28P gene was disrupted by homologous recombination and PA28 deficient cells 
25 were prepared. The in vivo effect of deficient proteasome-dependent major 

histocompatibility complex (MHC) classes I antigen processing is analyzed in PA28- 
deficient transgenic animals. 
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SUMMARY OF THE INVENTION 

To understand the functional role of PA28 in different cell types, mice that do 
not express the functional PA28 were generated by homologous recombination (HR) 
in embryonic stem (ES) cells and are disclosed herein. Cell lines that are derived 
5 from these mice are also disclosed herein. These mice, including the cell lines 
derived from them, provide a valuable animal model and tools to understand the 
function of PA28 and to evaluate the therapeutic effects of drugs that modulate the 
function or the expression of PA28 and PA28-mediated proteasome activity 
equivalents in human cells. 

10 

BR I E F DESCRIPTION O F THE PRA WINGS 

Figure 1. Generation of PA28/#7- mice, a, A schematic diagram showing the * 
PA2S/21 locus, targeting vector, and the resulting disrupted PA28>#gene. b, Southern 
hybridization analysis of representative PA28>^-/+ and PA28y#*-/- embryonic stem 
1 5 cells using genomic DNA digested with BamHI and the 0.65-kb KpnI-Apal DNA 
fragment as a probe. The functional PA28/?/ gene was detected as a 2.8 kb DNA 
band and the disrupted PA28^7 * gene as a 3.8 kb band, while the PA28/Z? 
pseudogene was contained within a 6.5 kb DNA band. 

20 Figure 2. Processing of exogenous and endogenous antigens, a, HPLC profiles of 
peptides eluted from immunoprecipitated class I kb molecules of tritiated PA28J9-/- 
and wildtype cells (+/+) with a monoclonal antibody Y3 as described (Flad et aL, 
1998). b, Left panel. Presentation of Ova8 was determined after the introduction of 
ovalbumin at 0 (circles), 3 (triangles), or 30 (diamonds) mg/ml into LPS blasts of 

25 wildtype (filled symbols) and PA28J3-/- (open symbols) mice by hypertonic loading 
(Moore et aL, 1988). After osmotic lysis of pinocytic vesicles the cells were cultured 
for 30 min at 37°C, chromium labeled for 1 h at 37°C and assayed for their 
susceptibility to lysis by the Ova8 specific CTL clone B3 (Jameson et aL, 1993). 
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Middle panel. Presentation of NP366 was determined using peritoneal macrophages 
of wildtype and PA28j^A mice infected with influenza virus PR8 at 1 PFU/cell 
during 1 h labeling with chromium. Susceptibility of macrophages to lysis by an 
NP366-specific CTL clone (Vitiello et aL, 1997) at the indicated effectontarget ratios 
5 was assayed in a chromium release assay. Right panel. Presentation of the male self- 
antigen HY was determined using HY specific CTLs (Bluthmann et aL, 1988) as 
effectors in a chromium release assay. LPS blasts from two male wildtype mice 
(filled diamonds and filled triangles) or three male PA28/2-/- mice (open symbols) 
were used as targets. LPS blasts from a female wildtype mouse (filled circle) served 

10 as a negative control, c, Ova8-specific CTL responses were assayed using mice 
primed and boosted with 100 jug alum-precipitated ovalbumin intraperitoneally as 
described (Jacoby et al., 1984). Splenocytes were restimulated in vitro with 1 jxM 
Ova8 and IL-2 and used as effectors in a chromium release assay. Ova8 loaded EL4 
cells were used as targets. CTL responses of non-primed mice were analysed in the 

1 5 same fashion. Net lytic units (LU20) are indicated. 

Figure 3. Expression of PA28<x and (3 in PA28/ZA and wildtype mice, a, Co- 
immunoprecipitation of PA28 and proteasome. Cells were metabolically labeled for 2 
h followed by a 4-h chase in the presence of the proteasome inhibitor lactacystin and 

20 lysed with buffer containing 1% digitonin. Immunoprecipitations were performed 
using a C9-specific antiserum. Catalytic subunits Y and LMP7 are indicated with 
arrows. It was found that lactacystin treatment not only stabilizes the association of 
proteasome and PA28 but also results in an increased electrophoretic mobility of 
LMP7. b, Immunoprecipitation analysis of PA28a and p expression. Splenocytes 

25 were metabolically labeled for 30 min. Immunoprecipitations were carried out with 
PA28(3- or a-specific antisera. c, Immunoblotting analysis of PA28a and (3 
expression. Splenocytes were lysed in SDS sample buffer, the samples were 
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separated electrophoretically, immunoblotted, and probed with PA28a- or P-specific 
antisera. 

Figure 4. Effect of PA28 on incorporation of proteasomal catalytic subunits. 24 hours 
after interferon induction the PA28J3-/- and wildtype cells were metabolically labeled 
5 for 30 min and chased for the indicated times. Immunoprecipitations were performed 
with a C9-specific antiserum. Catalytic subunits, which were identified by 2-D gel 
electrophoresis and immunoblotting (Fruh et al., 1994; Yang et ah, 1995) with 
catalytic subunit-specific antisera, are indicated with arrows. The protein gel image is 
derived from a single representative fluorogram. 

10 

DETAILED DESCR IP TI ON O F THE INVENTION 

The PA28 knockout mice that were generated in the present invention provide 
a model in which the PA28P gene was disrupted by homologous recombination (HR). 
The process of generating the knockout mice can be divided into 4 basic stages: 

15 

1. cloning of PA28p gene and preparation of DNA construct for transfection of 
embryonic stem (ES) cells; r 

2. isolating ES cells in which the PA28(3 gene has been disrupted by HR; 

3. generating chimeric mice from mouse embryos injected with the knockout ES 
20 cells; and 

4. breeding chimeric mice to obtain knockout mice through germline 
transmission. 

The present invention utilizes a cloned genomic DNA encoding the PA28 
25 protein and describes the cloning and characterization of the mouse PA28J3 gene. 

Transgenic animals are generated which have an altered PA28p gene. The alterations 
to the naturally occurring gene can be modifications, deletions and substitutions. 
Modifications and deletions render the naturally occurring gene nonfunctional, 
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producing a "knockout" animal. Substitution of the naturally occurring gene for a 
gene from a second species results in an animal that produces the gene product of the 
second species. Substitution of the naturally occurring gene for a gene having a 
mutation results in an animal that produces the mutated gene product. These 
5 transgenic animals are critical for drug antagonist or agonist studies, the creation of 
animal models of human diseases, and for eventual treatment of disorders or diseases 
associated with PA28-mediated responses. A transgenic animal carrying a 
"knockout" of PA28 is useful for the establishment of a non-human model for 
diseases involving PA28 equivalents in the human. 

10 

A transgenic mouse carrying the disrupted PA28p gene was generated by 
homologous recombination of a target DNA construct with the endogenous gene in 
the chromosome. The DNA construct was prepared from a genomic clone of PA28 
which was isolated from a genomic DNA library. 

15 

The term "animal" is used herein to include all vertebrate animals except 
humans. It also includes an individual animal in all stages of development, including 
embryonic and fetal stages. A "transgenic animal" is any animal containing one or 
more cells bearing genetic information altered or received, directly or indirectly, by 

20 deliberate genetic manipulation at a subcellular level, such as by targeted 

recombination or microinjection or infection with recombinant virus. The term 
"transgenic animal" is not intended to encompass classical cross-breeding or in vitro 
fertilization, but rather is meant to encompass animals in which one or more cells are 
altered by, or receive, a recombinant DNA molecule. This recombinant DNA 

25 molecule may be specifically targeted to a defined genetic locus, may be randomly 
integrated within a chromosome, or it may be extra-chromosomal replicating DNA. 
The term "germ cell line transgenic animal" refers to a transgenic animal in which the 
genetic alteration or genetic information was introduced into a germ line cell, thereby 
conferring the ability to transfer the genetic information to offspring. If such 
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offspring in fact possess some or all of that alteration or genetic information, they are 
transgenic animals as well. 

The alteration or genetic information may be foreign to the species of animal 
5 to which the recipient belongs, or foreign only to the particular individual recipient, 
or may be genetic information already possessed by the recipient. In the last case, the 
altered or introduced gene may be expressed differently than the native gene, or not 
expressed at all. 

10 The altered PA28P gene generally should not fully encode the same PA28 as 

native to the host animal, and its expression product should be altered to a minor or 
great degree, or absent altogether. However, it is conceivable that a more modestly 
modified PA28P gene will fall within the scope of the present invention. 

1 5 The genes used for altering a target gene may be obtained by a wide variety of 

techniques that include, but are not limited to, isolation from genomic sources, 
preparation of cDNAs from isolated mRNA templates, direct synthesis, or a 
combination thereof. 

20 A type of target cell for transgene introduction is the embryonal stem cell 

(ES). ES cells may be obtained from pre-implantation embryos cultured in vitro [M. 
J. Evans fit al„ Nature 292: 154-156 (1981); M. O. Bradley fit al., Nature 309: 255- 
258 (1984); Gossler fit al- Proc. Natl. Acad. Sci. USA 83: 9065-9069 (1986); 
Robertson fit ak. 9 Nature 322, 445-448 ( 1 986); S. A. Wood fit al. Proc. Natl. Acad. Sci. 

25 USA 90: 4582-4584 (1993)]. Transgenes can be efficiently introduced into the ES 
cells by standard techniques such as DNA transfection or by retrovirus-mediated 
transduction. The resultant transformed ES cells can thereafter be combined with 
blastocysts from a non-human animal. The introduced ES cells thereafter colonize 
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the embryo and contribute to the germ line of the resulting chimeric animal (R. 
Jaenisch, Science 240: 1468-1474 (1988)). 

Since PA28 is an independent component of a complex mechanism, the 
5 proteins, including that encoded by PA28P DNA, must be examined both 
individually and as a group if their contribution to the mechanisms are to be 
understood. One approach to the problem of determining the contributions of 
individual genes and their expression products is to use isolated genes to selectively 
inactivate the native wild-type gene in totipotent ES cells (such as those described 

10 herein) and then generate transgenic mice. The use of gene-targeted ES cells in the 
generation of gene-targeted transgenic mice was described in 1987 (Thomas fit 
Cell 51:503-512, (1987)) and is reviewed elsewhere (Frohman fit al, Cell 56:145-147 
(1989); Capecchi, Trends in Genet. 5:70-76 (1989); Baribault stal, MoL Biol. Med. 
6:481-492, (1989); Wagner, EMBO J. 9: 3025-3032 (1990); Bradley fit al, 

15 Bio/Technology 10:534-539(1992)). 

Techniques are available to inactivate or alter any genetic region to any 
mutation desired by using targeted homologous recombination to insert specific 
changes into chromosomal genes. Homologous recombination was reported to be 

20 detected at frequencies between 10'^ and 10"^ (Lin fit al., Proc. Natl. Acad. Sci. USA 
82:1391-1395 (1985); Smithies fit al, Nature 317: 230-234 (1985); Thomas fit al., 
Cell 44:419-428, (1986); Song fit al., Proc. Natl. Acad. Sci. USA 84:6820-6824 
(1987)). Non-homologous plasmid-chromosome interactions are more frequent, 
occurring at levels 10 5 -fold (Lin fit al., Proc. Natl. Acad. Sci. USA 82:1391-1395 

25 (1985)) to 10 2 -fold (Thomas fit al., Cell 44:419-428 (1986); SongfitaL, Proc. Natl. 
Acad. Sci. USA 84:6820-6824 (1987)) greater than comparable homologous 
insertion. 



BNSDOCID: <WO__0115520A1J_> 



WO 01/15520 



PCT/US00/22116 



10 



To overcome this low proportion of targeted recombination in murine ES 
cells, various strategies have been developed to detect or select rare homologous 
recombinants. One approach for detecting homologous alteration events uses the 
polymerase chain reaction (PCR) to screen pools of transformed cells for homologous 
5 insertion, followed by screening individual clones (Kim £t aL, Nucleic Acids Res. 
16:8887-8903 (1988); Kim fit al., Gene 103:227-233 (1991)). Alternatively, a 
positive genetic selection approach has been developed in which a marker gene is 
constructed which will only be active if homologous insertion occurs, allowing these 
recombinants to be selected directly (Sedivy fit al., Proc. Natl. Acad. Sci. USA 

10 86:227-231 (1989)). One of the most powerful approaches developed for selecting 
homologous recombinants is the positive-negative selection (PNS) method developed 
for genes (such as PA28) for which no direct selection of the alteration exists 
(Mansour sial, Nature 336:348-352: (1988); Capecchi, Science 244:1288-1292, 
(1989); Capecchi, Trends in Genet 5:70-76 (1989)). The PNS method is more 

1 5 efficient for targeting genes which are not expressed at high levels because the 
marker gene has its own promoter. Non-homologous recombinants are selected 
against by using the Herpes Simplex virus thymidine kinase (HSV-TK) gene flanking 
the DNA construct. Cells with non-homologous insertion of the construct express 
HSV thymidine kinase and therefore are sensitive to the herpes drugs such as 

20 gancyclovir (GANC) or FIAU ( 1 -(2-deoxy 2-fluoro-B-D-arabinofIuranosyl)-5- 

iodouracil). By this counter-selection, the number of homologous recombinants in 
the surviving transformants can be increased. 

As used herein, a "targeted gene" or "knockout" is a DNA sequence 
25 introduced into the germ line of a non-human animal by way of human intervention, 
including but not limited to, the methods described herein. The targeted genes of the 
invention include DNA sequences that are designed to specifically alter cognate 
endogenous genes. 
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All the above applications have to be verified in animal tests and eventually 
clinical trials. One approach to determine the functional role of the drug target is to 
study the defects resulting from the disrupted gene in a whole animal. The PA28 
knockout mice that have been generated and are disclosed herein will allow the 
5 definition of the function of PA28 that is critical in deciding the types of modulators 
are most suitable in therapies. 

Any PA28 function that is detected in the knockout mice of the present 
invention would provide evidence of the existence of alternative novel PA28 
1 0 subtypes which may then be isolated from the knockout mice of the present 
invention. 

The absence of functional PA28 in the knockout mice of the present invention 
are confirmed, for example, in RNA analysis, protein expression detection, MHC-I 
1 5 peptide expression assays, CTL lytic assays, and other PA28 functional studies. For 
RNA analysis, RNA samples are prepared from different organs of the knockout mice 
and the PA28 transcripts are detected in Northern blots using oligonucleotide probes 
specific for the transcript. 

20 Polyclonal antibodies that are specific for the mouse PA28 are produced. The 

absence of intact PA28 in the knockout mice are studied, for example, in Western 
Blot analysis of various cell types, protein samples are prepared from different organs 
of the knockout mice, and in immunoprecipitation analysis of various cell types using 
PA28-specific or proteasome-specific antibodies. Alternatively, functional assays are 

25 performed using preparations of different cell types collected from the knockout 
mice. 

Interferon-inducible PA28a and p (Ahn et al., 1995; Ahn et ah, 1996; Realini 
et al., 1994) have been identified as proteasome activators in vitro (Chu-Ping et al., 
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1992; Dubiel et al., 1992). The role to which PA28 plays in vivo, however, has 
remained unclear. 

The present invention demonstrates that mice with a disrupted PA28/?gene 
5 have substantially altered the spectrum of peptides presented by MHC class I 
molecules. Generation of MHC class I epitopes from exogenous or endogenous 
antigens is severely impaired, resulting in reduced CTL responses in PA28J3-/- mice. 
The present invention demonstrates the surprising observation that PA28J3-/- mice not 
only lack PA28p but also PA28a polypeptide. Thus the formation of the PA28 

1 0 hetero-oligomer is obligatory in vivo and PA28/Z/- mice are functionally equivalent 
to PA28a-/-j3-/~ mice. Further, PA28 is shown to function as a chaperone to promote 
the incorporation of the interferon inducible catalytic subunits LMP2/7 and MECL1 
(Fruh and Yang, 1999; Rock and Goldberg, 1999) into the immuno-proteasome. 
Thus, by inducing the assembly of the immuno-proteasome PA28 modulates in vivo 

1 5 proteasome-dependent class I antigen processing. 

The following Examples are presented for the purpose of illustrating the 
present invention and are not to be construed as a limitation on the scope of this 
invention. 

20 

EXAMPLE 1 
Gene targeting 

In this knockout construct, the mouse PA28p gene was disrupted by deleting a 
25 portion of exon 6 and the 3' intron from exon 6. A neomycin resistance gene was 
used to replace the deleted region. 
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The knockout construct was composed of parts arranged in a 5' to 3' order, as 
illustrated in Figure 1: (1) A 0.85-kb DNA fragment from a 129/Ola mouse genomic 
clone covering exons 3-6 of the PA280 gene, (2) A 1.2 kb DNA cassette containing a 
neomycin resistant gene with its own promoter and polyadenylation signal, (3) A 6- 
5 kb Xbal-Xbal DNA fragment covering exons 7-1 1 of the PA280 gene. The PA280 
gene and the neomycin resistant gene were in the same orientation of transcription. 

Transfection of ES cells with the PA28B DNA construct 

Embryonic stem (ES) cells El 4 (Hooper et al., 1987, HPRT-deficient (Lesch- 

10 Nyhan) mouse embryos derived from germ line colonization by cultured cells. Nature 
326, 292-295) were maintained at an undifferentiated stage by co-culturing with 
embryonic fibroblasts (EF) and in culture medium DMEM (15% FCS, 1 mM sodium 
pyruvate, 0.1 mM b-mercaptoethanol, 2 mM L-glutamine, 100 U penicillin and 100 U 
streptomycin) containing 1000 U/ml leukemia inhibitory factor (LIF) (Gibco). EF 

1 5 cells were primary fibroblast cultures prepared from day 15-17 mouse fetuses 

according to the method described by Robertson (Robertson, EJ. (1987) Embryo- 
derived Stem Cell Lines. In: Teratocarcinomas and Embryonic Stem Cells. EJ. 
Robertson, ed. (Oxford, Washington DC: IRL Press), p 71-1 12.). EF were treated 
with 10 mg/ml mitomycin C (Sigma) in culture medium for 2 hours to stop cell 

20 division prior to the use as feeder cells. 

For DNA transfection, the DNA construct was linearized by NotI digestion. 
DNA was then precipitated by 2 volumes of ice cold ethanol at -20°C for 1 hour. 
Precipitated DNA was pelletted by centrifugation, rinsed once with 0.5 ml 70% 
25 ethanol, air dried and then dissolved at 1 mg/ml in phosphate-buffered saline (Gibco). 
ES cells were harvested by trypsin treatment and resuspended at 6.25 x 10 6 cell/ml in 
culture medium. DNA construct (20 ng) was added to 0.8 ml of ES cell suspension 
for electroporation at 250 jiF and 340 Volts using the Gene Pulser (BioRad). 
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Transfected ES cells were plated onto EF coated 90 mm plates at 2.5 x 
10^/plate in culture medium. Two days later, cells were subjected to drug selection 
in medium containing 400 |ag/ml G418 (Geneticin, Gibco) and 2 j^M GANC 
5 (Cytosin, Syntex). Culture medium was changed daily. Massive cell death was 
obvious starting day 4 and most of the dead cells were removed through daily 
medium change. Surviving cell colonies were observable under microscope by day 7 
and by day 10 they were visible on the plates without a microscope. 

10 PCR screen of transfected ES cells for homologous recombination 

The size of ES colonies on day 1 1 after transfection was large enough for 
PCR screening. To collect cell colonies, culture medium in the 90 mm plates was 
aspirated and 10 ml PBS was added. Individual cell colonies were located with the 
aid of a stereomicroscope, collected in a 20 ml volume and transferred into 96 well- 

15 plates. To prepare single cell suspension of the ES colonies, 25 ^il of 0.25% trypsin 
(Gibco) was added per well in 96 well-plates. After 8 minutes of trypsin treatment at 
37°C, 25 of culture medium was added. All the ES colonies were still maintained 
in culture as master plates while screening by PCR for homologous recombination 
events was performed. To prepare master plates, 60 (il of each cell sample was 

20 transferred to 96-well plates which had been coated with EF cells and contained 180 
jil/well of the culture medium containing G418 and GANC. 

For the first round PCR screen, each cell lysate sample was prepared from 12 
cell colonies which arrayed as one row of samples in the 96 well-plates. After the 
25 preparation of master plates, the remaining cell samples of about 90 jxl/well on every 
row of the plates were pooled. Cells were pelleted in tubes by centrifugation for 1 
minute. After draining all the medium, cells were lysed by adding 30 |al distilled 
water and brief vortexing. Cell lysates were prepared by first heating at 95°C for 10 
minutes, cooling to room temperature and followed by an addition of 1 |il proteinase 
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K (10 mg/ml in water) with brief vortexing, a 90 minute incubation at 50°C for 
proteinase K digestion, and then 10 minutes at 95°C for heat inactivation of 
proteinase K. 

5 PCR was carried out using the 9600 GeneAmp system (Perkin Elmer). The 

reaction mixtures contained 5 jil cell lysate, 4 ^iM of each of the two oligonucleotide 
primers, 200 nM each of dATP, dTTP, dCTP, and dGTP, and 5 U AmpliTaq DNA 
polymerase in PCR buffer (10 mM Tris-Cl, pH8.3, 50 mM KC1,1.5 mM MgCI^ and 
0.001% w/v gelatin). The reaction condition was 3 cycles of 2 minutes at 94°C, 2 
10 minutes at 60°C, and 2 minutes at 72°C, then 40 cycles of 15 seconds at 94°C, 15 
seconds at 60°C, and 1 minutes at 72°C, followed by 7 minutes at 72°C. 

ES cells with the targeted gene were detected by polymerase chain reaction 
using neomycin resistant gene-specific oligonucleotide (5*- 

15 CAAAACCAC ACTGCTCGACATTG-3 ' ) [SEQ.DD.NO.: 1] and PA28 intron 2- 
specific oligonucleotide (5 '-GAGTAACCCACC AGTTCACCTTAA-3 ') 
[SEQ.ID.NO.: 2] and the size of the amplified DNA is expected to be about 1.2 kb. 
To detect the specific DNA fragment amplified by PCR, 20 nl of the PCR samples 
were separated according to size by 1% agarose gel electrophoresis, blotted onto 

20 Hybond-N+ nylon membranes (Amersham), and hybridized to the P^ 2 -labelled 
PA28p gene-specific oligonucleotide probe (5'- 

TCCGAACCTTCATGCTTACTCAAG-3 *) [SEQ.ID.NO.: 3]. The PCR samples that 
contained a 1 .2-kb DNA fragment that was detected by the oligonucleotide probe 
were considered as putative positive groups for further screening, 

25 

ES cells in master plates after 3-4 days culture were ready for splitting. Cell 
colonies in the positive groups were screened individually by a second round of PCR 
to identify the positive individual colonies. To maintain the positive groups in 
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culture, cells in the wells were trypsinized by first removing the culture medium, 
rinsing once with 50 jil PBS, treating with 40 jal 0,25% trypsin for 5 minutes at 37°C, 
followed by adding 90 ^1 culture medium. Cells were then resuspended and 20 jil of 
the cell samples were transferred to master plates which had been coated with EF and 
5 filled with 200 |il culture medium containing G4 1 8 and GANC. The remaining cells 
(110 nl/well) were transferred into eppendorf tubes. Cell lysates were prepared and 
homologous recombination signals were amplified by PCR and detected by 
hybridization as described in the previous paragraphs. 

10 Confirmation of homologous recombination bv genomic Southern hybridization 
* Homologous recombination was confirmed by Southern hybridization. ES 
cells derived from the positive colonies in PCR screen were expanded in culture and ' 
DNA was extracted as described by Maniatis et al. (Maniatis, T.; Fritsch, E.F.; 
Sambrook, J. (1982) Molecular Cloning, Cold Spring Harbor Laboratory pp. 280- 

15 281). Genomic DNA samples of the putative knockout cell lines were digested with 
the restriction enzymes BamHI, separated by 1% agarose gel electrophoresis, blotted * 
onto Hybond-N+ nylon membranes (Amersham) and hybridized with a 0.65-Kb 
DNA fragment specific for the mouse PA28|3 gene. This probe is the 0.65-Kb Kpnl - 
Apal DNA fragment as shown in Figure la. As shown in figure lb the functional 

20 PA28J31 gene was detected as a 2.8-kb DNA band and the disrupted PA28J51 * gene as 
a 3.8-kb band, while the PA28/Z2 pseudogene was contained within a 6.5-kb DNA 
band. 

Generation of chimeric mice by embryo injection 
25 Mouse embryos at 3.5 day gestation stage were collected from the uteri of 

super-ovulated C57BL/6J mice. About 10-15 ES cells were injected into the 
blastocoel cavity of the embryos. Injected embryos were transferred into the uteri of 
pseudo-pregnant CD1 mice at 2.5 day gestation. Mice developed from these embryos 
were born 17 days later. Since the ES cells used were derived from the 129 Ola 
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mouse strain with the dominant agouti coat color genes, chimeric mice were 
identified by the agouti coat color from ES derived cells, versus the black color from 
C57BL/6J mouse embryos. 

5 ES germline mice obtained bv chi meric mouse breeding 

Chimeric mice were bred with C57BL/6J mice. These crosses are performed 
to test for the germline transmission of ES cells. Some of the progeny from the 
breeding are expected to be agouti if the chimeric male had germ line cells derived 
from ES cells which carry the dominant agouti coat color genes. The disrupted 

10 PA28P gene in mice was detected by genomic hybridization as described in the 

previous section. Genomic DNA is purified from about 1 cm of tail from each agouti 
mouse after weaning. The genomic DNA is isolated as described (Laird £j al., supra ), 
followed by phenol and phenol: chloroform extractions and ethanol precipitation. 
Genomic DNAs are digested with BamHI, and hybridized with the 0.65 kD Kpn- 

1 5 Apal DNA fragment specific for the PA280 gene as described earlier. 

Generation of homozygous knockout mice from breeding o f hetrozvgous knockout 
mice 

Female heterozygous knockout mice were mated with C57BL/6J mice or wild- 
20 type male littermates. It is expected that half of the male pups carry only the 

disrupted gene and half of the female pups are heterozygous for the disrupted gene. 
Surviving offspring were genotyped by RT-PCR as described above. Homozygous 
female mice were obtained by further breeding of heterozygous females with 
knockout males. Homozygous PA28J3-I- mice, which were healthy and fertile, were 
25 born at the expected Mendelian frequency and exhibited normal growth, implying 
that PA28{3 is not essential for proteasome-mediated cellular functions. 

EXAMPLE 2 

Characterization of PA28 Knockout Mice and Cells Derived From the Mice 
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PA2&/?-/- mice contained numbers of macrophages, T and B cells that were 
equivalent to wild-type mice. Also, PA28-/- splenic T and B cells expressed wild- 
type levels of CD4, CD8, CD3-e, TCR-ab, CD23, CD25, CD28, CD45, CD69, and 
MHC class II molecules as determined by fluorescence activated cell sorting (FACS). 
5 Surprisingly, FACS analysis demonstrated that PA28J3-I- mice expressed wild-type 
level of MHC class I molecules. 

We examined the quality of peptides bound to class I molecules using the 
class I thermostability assay (Jackson et aL, 1992). Class I molecules expressed in 

10 PA28fi-/- cells were less stable than in wild-type cells, indicating the acquisition of 
inferior peptides, which do not stabilize class I heterodimers to the same extent as in 
the wild-type cells. A clear difference in the spectrum of peptides presented by class 
I molecules between wild-type andPA28/?-/- cells was observed, revealing a 70% 
reduction in the production of hydrophobic peptides (eluants at 30-35 % of 

1 5 acetonitrile) in PA28/3-/- cells as shown in the chromatograph in Figure 2a. This 
difference in class I-presented peptides remained after induction of the cells with 
interferon (Realini et aL, 1997), suggesting that the deficiency of PA280 cannot be 
compensated for by up-regulating other MHC components involved in antigen 
presentation. 

20 

To study the influence of PA28 on the generation of CTL epitopes, we 
monitored the generation of two epitopes (Qva8 and NP366) derived from the 
antigens ovalbumin and influenza nuclear protein, respectively. Ovalbumin was 
introduced into the cytoplasm of LPS blasts from wild-type and PA28/?-/- mice and 
25 the presentation of the class I Kb-restricted Ova8 CTL epitope was assayed. FACS 
staining of the ovalbumin-loaded LPS blasts with a monoclonal antibody recognizing 
the class I Kb-p2m-Ova8 trimer (25DL16 (Porgador et aL, 1997)) demonstrated that 
the Ova8 epitope was presented in wildtype but not in the PA28/3-/- cells. 
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Importantly, CTL assays demonstrated that the Ova8-specific T cell clone B3 
(Jameson et ah, 1993) vigorously lysed the ovalbumin-loaded LPS blasts from wild- 
type but not PA28/3-/- mice as seen in Figure 2b, left panel. The extent of the B3- 
specific killing was dependent on the amount of ovalbumin delivered into the target 
5 cells. No difference was observed upon addition of synthetic Ova8 peptide, 

eliminating the possibility that PA28/2-A cells are inefficient CTL targets. In addition, 
the observation that the difference in the presentation of antigens or in in vivo CTL 
responses diminished when target cells were treated with the proteasome inhibitor 
lactacystin, further suggests that PA28 exerts its influence on MHC antigen 
1 0 processing via a proteasome-mediated pathway. 

The processing of endogenous antigens was investigated by comparing the 
ability of LPS blasts from wild-type and PA28-/- mice to process and present the 
male self-antigen HY. CD8-enriched splenocytes from female mice bearing a 

1 5 transgenic T cell receptor specific for the Derestricted HY antigen (Fig.2b, right 
panel) were used as responders. HY-specific CTL lysed male wild-type LPS blasts. 
However, they failed to kill male PA28/£A and female wild-type cells, demonstrating 
that the endogenous HY self-antigen is not processed in PA28j3-/~ cells. Importantly, 
influenza virus infected PA28/2*/- cells were significantly less sensitive to lysis by 

20 NP366-specific CTL as seen in Figure 2b, middle panel. Thus, the absence of PA28P 
affects the processing of exogenous and endogenous antigens. 

To determine the role of these antigen processing defects for the generation of 
an immune response, wild-type and PA28/2-A mice were immunized with ovalbumin 
25 and assayed for the Ova8-specific CTL response as shown in Figure 2c (specific 
killing expressed as net lytic units). While CTL from ovalbumin primed wild-type 
mice lysed peptide-treated target cells, the CTL response in PA28/3-/- mice was 
significantly lower than in wild-type littermates. By contrary, no difference in CTL 
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responses was observed when PA28/3-/- mice and wild-type littermates were primed 
with Ova8 peptide. These data strongly suggest that the antigen processing defects in 
PA28J3-/- cells resulted in impaired in vivo priming of CTL. 

5 How does a deficiency in PA28p lead to a defect in MHC antigen 

presentation? Without wishing to be bound by theory, one possibility is that in vivo 
PA28a or p regulate the proteasome independent of each other; thus when PA28P is 
lacking, proteasome function is skewed. Alternatively, PA28a and p could be 
dependent on each other, as is suggested by the observation that they are co-regulated 

10 and have identical half-lives (Ahn et al., 1996). To test these theories, we examined 
the production of PA28a mRNA and protein. First we determined that the 
expression level of PA28a mRNA in PA28/?-l- mice was equivalent to wild-type r 
mice. To determine whether the alteration of antigen processing in PA28fi-l- mice is 
attributed to PA28a, we examined whether in the absence of PA28P the subcellular 

1 5 localization and half-life of PA28ct is altered. Immunofluoresence microscopy 

showed that while PA28a and b were expressed mainly in the cytoplasm of wildtype 
cells, no expression of PA28a and P was detected in PA28/Z/- cells. Co- 
immunoprecipitation experiments showed that under conditions where PA28 remains 
associated with the proteasome in wild-type cells, no proteasome-associated PA28 

20 polypeptides were detected in PA28J3-/- cells, shown in Figures 3a and 4. 

Immunoblotting with PA28p-specific polyclonal antibodies confirmed that PA28P is 
not expressed in PA28/3-/- mice (Fig. 3c). Surprisingly, no PA28a was detected 
under native (Fig. 3b) or denatured conditions (Fig. 3c) in PA28fi-/- mice. Pulse- 
chase experiments with 35 S-labeled splenocytes showed that even under conditions of 

25 interferon induction less than 1% of the wild-type level of PA28a was detected in 
PA28fr/~ mice. In addition, in PA28J3-/- mice PA28a was rapidly degraded with a 
half-life of 2.5 hr (versus -40 hr in wild-type littermates). Thus, PA28 functions in 
vivo as a hetero-oligomer, ruling out an in vivo role for PA28a as a homo-heptamer. 
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These findings led us to conclude that PA28/?-/- mice have a functional phenotype 
equivalent to mice defective in both PA28a and ^loci. 

Interestingly, compared to splenocytes from wild-type littermates, the number 
5 of interferon-inducible catalytic subunits LMP2/7 and MECL1 incorporated into the 
proteasomes was reduced, while their exchangeable, constitutively expressed subunits 
X, Y, and Z remained present in the proteasomes of the PA28/3-/- splenocytes 
(arrows; Fig. 3a). This finding, together with the observation that transient over- 
expression of PA28a, p, or both, results in an increase of immunoproteasome 

1 0 complexes without affecting the total cellular level of proteasomes, led us to 

hypothesize that PA28 might function as a chaperone to assist LMP2/7 and MECL1 
incorporation into the proteasome. To monitor the displacement of proteasomal 
catalytic subunits during the assembly of immunoproteasome we performed pulse- 
chase experiments. As shown in Fig. 4, analysis of proteasome assembly kinetics 

1 5 revealed that, after a 3-h chase, displacement of catalytic subunits X, Y, and Z by 

interferon-inducible subunits LMP2/7 and MECL1 is incomplete such that over 60% 
of X, Y and Z subunits remained present in the proteasomes of PA28/?-/- cells, 
whereas X, Y, and Z subunits were completely displaced by LMP2/7 and MECL in 
wild-type cells. Moreover, even after an additional 24-h chase, over 25% of the X, Y, 

20 and Z subunits still remained present. Together with the findings that the expression 
levels of LMP2/7 and MECL1 were similar in both wild-type and PA28fi-/- cells and 
that unincorporated LMP2/7 and MECL1 were rapidly degraded (Yang et aL, 1995), 
these data strongly suggest that PA28 is required for the incorporation of interferon 
inducible catalytic subunits into the proteasome. We hypothesize that as a result of 

25 an increased cellular level of PA28-induced immunoproteasomes, which are 

responsible for the processing of hydrophobic peptides (Fig. 2a), production of 
peptides suitable for TAP translocation and presentation by class I molecules 
increases. Because PA28 appears to bind the immunoproteasome more tightly than 
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the house-keeping proteasome and because immunoproteasomes are enriched on the 
endoplasmic reticulum membrane (Palmer et al., 1996; Rivett, 1998), it is 
conceivable that PA28 not only promotes immunoproteasome assembly but might 
also recruit immunoproteasomes to the endoplasmic reticulum membrane where TAP 
5 transporters are localized. Additionally, because PA28 binds to one or both ends of 
the cylindrical proteasome (Coux et al., 1996; Gray et al., 1994; Handil et ah, 1998; 
Rock and Goldberg, 1999), PA28 might also control the binding and/or access of 
polypeptide substrates to the catalytic sites of the proteasome via its induction of an 
immunoproteasome conformational change (Conconi et aL, 1999). 

10 
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SEQUENCE LISTING 



5 <110> Leung, Wai-Ping 
Yang , Young 
Preckel , Tobias 
Peterson, Per 

10 <120> PA28 Modified Transgenic Mice 



<130> ORT-1029 

15 

<140> 

20 <i4i> 



<160> 3 



25 



BNSDOCID: <WQ 01 15520A1J. > 



WO 01/15520 



PCT/USOO/22116 



30 



10 



25 



<170> Patentln Ver. 2.0 



5 <210> 1 



<211> 23 



<212> DNA 



<213> Artificial Sequence 



15 <220> 

<223> Description of Artificial Sequence: 
Neomycin 

20 specific oligonucleotide 



<400> 1 

caaaaccaca ctgctcgaca ttg 
23 
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<210> 2 
5 <211> 24 
<212> DNA 

<213> Artificial Sequence 

10 

<220> 

15 <223> Description of Artificial Sequence: PA28 
intron 2 

specific oligonucleotide 

20 

<400> 2 

gagtaaccca ccagttcacc ttaa 
25 24 
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<210> 3 
<211> 24 
5 <212> DNA 

<213> Artificial Sequence 



10 

<220> 

<223> Description of Artificial Sequence: 
PA28beta 

specific oligonucleotide probe 



20 <400> 3 

tccgaacctt catgcttact caag 
24 
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WHAT IS CLAIMED IS: 

1 . A transgenic mouse whose somatic and germ cells comprise a disruption in 
5 the endogenous PA280 gene, wherein said disruption is generated by targeted 

replacement with a non-functional PA28p gene, and wherein said disruption results in 
impaired priming of cytotoxic T lymphocytes as compared to priming of cytotoxic T 
lymphocytes in wild-type PA28P mice. 

10 2. The mouse of Claim 1, wherein said mouse is fertile and capable of 
transmitting the disrupted PA28P gene to its offspring. 

3. The mouse of Claim 1, wherein the disrupted PA280 gene has been 
introduced into an ancestor of the mouse at an embryonic stage by microinjection of 

15 altered embryonic stem cells into mouse blastocysts. 

4. The mouse of Claim 1, wherein the altered PA28P gene has been introduced 
into the mouse at an embryonic stage either by microinjection or electroporation of 
altered embryonic stem cells into mouse blastocysts. 

20 

5. A method of producing a mouse whose somatic and germ cells comprise a 
disruption in the endogenous PA28P gene, wherein said disruption is generated by 
targeted replacement with a non-functional PA28p gene, said method comprising: 

(a) introducing a PA28P targeting construct comprising a selectable marker 
25 sequence into a mouse embryonic stem cell; 

(b) introducing said embryonic stem cell into a mouse blastocyst; 

(c) transplanting said blastocyst into a recipient mouse; and 
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(d) allowing said blastocyst to develop to term; 

(e) identifying a transgenic mouse whose genome comprises a disruption in the 
endogenous PA280 gene in at least one allele; and 

(f) breeding the transgenic mouse of step (e) to obtain a transgenic mouse whose 
5 genome comprises a disruption in the endogenous PA28p gene, wherein said 

disruption results in impaired priming of cytotoxic T lymphocytes as compared to 
priming of cytotoxic T lymphocytes in wild-type PA28p mice. 

6. The method of Claim 5 wherein the introducing of step (a) is by 
10 electroporation, in step (b) is by microinjection. 

7. A cell line derived from the transgenic mouse of Claim 1 . 
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FIG. 2 
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